Procarboxypeptidase A is the zymogen of an exopeptidase, carboxypeptidase A, which liberates from peptides and proteins carboxyl-terminal amino acids whose side chains conform to the specificity requirements of this enzyme.1 The active enzyme can be isolated from activated bovine pancreatic juice or from drippings of fresh pancreas glands by a procedure originally described by Anson ;2 alternatively, the enzyme can be isolated from acetone powder of unactivated beef pancreas glands by the procedure of Allan,3 which is now undergoing further modifications and refinements. Carboxypeptidase A is a metalloenzyme which is inhibited by 1,10 phenanthroline and other metal chelating agents, zinc being the metal which is functionally and structurally intrinsic to the native enzymes. 4 5 Several molecular parameters pertaining to size, charge properties, and amino acid composition of the enzyme are well established, ' but the detailed chemical structure of this enzyme remains to be elucidated. Experiments to this end are part of a group program now in progress in this laboratory and in the laboratories of B. L. Vallee, Harvard Medical School. Procarboxypeptidase A, the inactive precursor of this enzyme, can be found as such in bovine pancreatic juice, in zymogen granules,6 and in other subcellular components of the acinar cells of the bovine pancreas, and the metabolic origin and history of this and other pancreatic zymogens are now under investigation in this laboratory by Keller fragments has not yet been elucidated. Zinc, the intrinsic metal of carboxypeptidase, which is found also in the zymogen, evidently remains firmly attached to the enzyme moiety during the activation process.
A more recent investigation of this rather unusual reaction, which is the subject of the present communication, has led to a revision of our views of the nature of procarboxypeptidase A and of the molecular events occurring during its activation. This work has led to the new concept that procarboxypeptidase A, though appearing as a well-defined molecular entity, actually is a molecular complex of three discrete protein components, two and possibly all three of these being zymogens for specific enzymes. The experimental evidence for this conclusion will be briefly described below, and will be published in full elsewhere.
Procarboxypeptidase A, prepared chromatographically by a procedure to be described elsewhere, contains three N-terminal groups, as determined by use of the fluorodinitrobenzene reagent. These are aspartic acid (or asparagine), lysine, and half-cystine, indicating that the protein molecule consists of three different polypeptide chains. The C-terminal groups have not yet been identified, but their presence is indicated by the release of stoichiometrically significant quantities of several amino acids by carboxypeptidase A, including, in particular, leucine, tyrosine, valine, and phenylalanine. Since Thompson9 previously found that carboxypeptidase A contains only one N-terminal amino acid, which was identified as asparagine, the present end group analyses have been interpreted as an indication that the proenzyme contains, in addition to the carboxypeptidase A moiety, two other subunits, each posessing a single polypeptide chain. Attempts were therefore made to separate these three components from each other. This has indeed been accomplished by two procedures, i.e. in the presence of concentrated urea solutions and in aqueous solutions above pH 10.
In the presence of increasing concentrations of urea, the sedimentation pattern of procarboxypeptidase changes, the single boundary characteristic of procarboxypeptidase being gradually replaced by a more slowly sedimenting species. In 7-8M urea this effect is complete, and all of the procarboxypeptidase is converted into the slower moving component. This effect of urea was found to be virtually instantaneous, independent of time, and, under the conditions that had been tested (dilution of dialysis), irreversible. Since the intrinsic viscosity of the pro-", tein remains unchanged in the presence of urea, the decrease in sedimentation coefficient to that found for carboxypeptidase in urea solutions has to be ascribed to a decrease in molecular mass rather than to an increase in molecular asymmetry.
Another, less rapid but operationally preferable, method of molecular disaggregation consists of exposing solutions of procarboxypeptidase to buffers of alkaline pH (approximately pH 10.2 at room temperature), which, after 24 hr, leads to the complete transformation of procarboxypeptidase A into a component with lower sedimentation coefficient. In order to prevent autolysis and to inactivate any spontaneously formed endopeptidase, the reaction was carried out in the presence of large amounts of DFP. The nonenzymatic nature of this disaggregation reaction was established by the fact that the product of disaggregation has no significant carboxypeptidase or endopeptidase activity and, furthermore, by the finding that the same disaggregation reaction was observed when DFP-inhibited endopeptidase, which is still in the form of the 87,000 molecular weight unit, was subjected to the same procedure. The sedimentation patterns of the disaggregation mixture after, respectively, nine and twenty-four hours of reaction are shown in Figure 1 .
SEDIMENTATION PATTERNS
Procorboxypeptidase A treated at pH 10.5 and 220C Figure 2 , the subfractions being denoted, respectively, by the out. The analytical calculations were carried out on the basis of 3, 2, and 1 methionine residues, respectively, per mole of Fractions I, III, and II. It will be noted, first of all, that the sum of the amino acid composition of the subfractions agrees fairly well with that of procarboxypeptidase A. Furthermore, the amino acid composition of the zymogen is different from that of carboxypeptidase A and different also from each of the three subunits. There is close similarity in the amino acid composition of crystalline carboxypeptidase A and of Fraction I. The data also reveal some similarities in the amino acid composition of Fractions II and IJJ. The tyrosine: tryptophane ratio is approximately unity in the zymogen, greater than one in Fraction I, and less than one in Fractions II and III.
The close similarity in the amino acid composition of Fraction I and carboxypeptidase A is further corroborated by the finding that Fraction I, like the enzyme, yields DNP-aspartic acid when subjected to end-group analysis with fluorodinitrobenzene. It has not yet been possible to establish proof of the enzymatic identity of these components, since inactivation of carboxypeptidase occurs under the conditions employed for disaggregation.
Fraction II contains half-cystine as N-terminal group and, after tryptic activation but not before, hydrolyzes acetyl-L-tyrosine ethyl ester and hence can be identified with that activity. This is also in agreement with other work to be described elsewhere, which indicates binding of DFP32 and concomitant inactivation. Fraction II, after activation, also hydrolyzes glucagon and casein, as does the endopeptidase which results from activation of procarboxypeptidase itself. It should be pointed out, however, that these two entities, although both hydrolyzing the same ester substrate, are not identical, since the entity formed upon tryptic activation of procarboxypeptidase has the same molecular weight as the zymogen (87,000), whereas the activated Fraction II is a much smaller molecule with a molecular weight of approximately 25,000. Also, preliminary experiments indicate that the two active enzymes exhibit different specificities in the hydrolysis of glucagon as evidenced by two-dimensional paper chromatography of the reacticn products.
Fraction II, after activation, also hydrolyzes p-nitrophenylacetate, as do chymotrypsin and trypsin. Although the amino acid composition of Fraction II is different from that of chymotrypsins A and B, its enzymatic specificity appears to be similar to that of the known chymotrypsins. The enzyme is inactive toward elastin and toward substrates for esterase, lipase, and nucleases. It has not yet been possible to establish the nature of the biological activity of Fraction III. The protein, before or after the addition of catalytic amounts of trypsin, proved to be inactive when tested toward substrates for a variety of pancreatic enzymes, including the following: proteinases (using casein and glucagon as substrates), trypsin, chymotrypsin, carboxypeptidases A and B, esterase, lipase, elastase, and nucleases. Fraction III was devoid of inhibitory activity toward trypsin, chymotrypsin, or carboxypeptidase A. It is possible that this protein underwent inactivation under the conditions leading to disaggregation, and different disaggregation procedures are now being explored in order to identify the biological specificity of this fraction.
The present investigations have led to a new concept of the molecular events leading to the activation of the procarboxypeptidase A. Thus, an entity which by all criteria of protein chemistry appears to be a single molecular species actually is a molecular complex containing within its molecular structure three subunits, two of which can be clearly identified as precursors of chemically and enzymatically distinct enzymes. One of these, Fraction I, is carboxypeptidase A, or more probably an immediate precursor thereof. Fraction II, in contrast, is the immediate precursor of an endopeptidase which is sensitive to DFP and which, like chymotrypsin, hydrolyzes the specific ester substrate, acetyl-i-tyrosine ethyl ester. The enzymatic nature of the third subunit remains to be clarified. The nature of the forces which maintain the subunit in an aggregated state also remain to be understood, as does the physiological mechanism responsible for the activation of this zymogen. It is likely, however, that, under the conditions employed herein (pH 10.2 at room temperature), the irreversible denaturation of one of these subunits is necessary in order for the reaction to go to completion and to be essentially irreversible.
The relationship of the nonenzymatic and enzymatic steps involved in this activation scheme is summarized in Figure 3, active zymogen subunits is depicted by a closed circle. The corresponding active states are denoted by broken circles representing in analogy to the activation of other zymogens" the splitting of one or more peptide bonds.
According to this scheme, the true activation steps are the conversion of each of the subunits into an active form. This probably involves in each case a process of "limited proteolysis," i.e. enzymatic hydrolysis of a discrete number of peptide bonds in the single polypeptide chains of Fractions I and II, and possibly also of Fraction III. The physiological mechanism leading to disaggregation is obviously different from that employed in this investigation; however, the presence in pancreatic extracts of products of partial disaggregation, representing, perhaps dimers or even monomers, is suggested by preliminary observations which have led to the chromatographic isolation of fractions which have a higher specific endopeptidase and carboxypeptidase A activity and lower sedimentation constants than procarboxypeptidase A. Further characterization of these fractions and of the mechanism of disaggregation of procarboxypeptidase A are now in progress.
Summary.-Evidence is presented to show that procarboxypeptidase A, although a single molecular species as judged by the criteria of protein chemistry, is actually a molecular complex, having two, and possibly three, distinctive enzymatic activities. The molecule consists of three polypeptide chains which can be separated from each other under certain conditions. One of these is carboxypeptidase A or an immediate precursor thereof; the second of these has been identified as a precursor of an endopeptidase which hydrolyzes acetyl-L-tyrosine ethyl ester and glucagon. The mechanism of this nonenzymatic disaggregation reaction and its relation to zymogen activation have been considered.
